INTRODUCTION
Trichomonads are aerotolerant anaerobic protozoa (Honigberg, 1978a, 6 ; Miiller, 1980) characterized by the absence of mitochondria and the presence of hydrogenosomes (Lindmark & Miiller, 1973) . Although the pathways of carbon flow involved in pyruvate oxidation by these organelles are well established (Cerkasov et al., 1978; Miiller & Lindmark, 1978) and some information on electron transport components is available (Lloyd et al., 1979; Ohnishi et al., 1980; Marczak et al., 1983) , a clear physiological function has still to be established. This is emphasized by the recent observations that a mutant of the cattle par_asite Tritrichomonas foetus that lacks a fully-functional hydrogenosome grows well in culture (Cerkasovovi et al., 1984) .
A study of sites of calcium accumulation in Tritrichomonas foetus (Benchimol et al., 1982) led to the suggestion that the hydrogenosome may be involved in the control of intracellular Ca2+ levels. Osmiophilic granules associated with the chromatic granules in Trichomonas vaginalis were first reported by Nielsen (1976) . In the present paper we investigate the nature of intrahydrogenosomal inclusions in these organelles by energy-dispersive X-ray microanalysis.
A . C H A P M A N A N D OTHERS
Freeze-substitution and X-ray mapping. Hydrogenosomes were sedimented at 2000 r.p.m. for 5 min in an MSE Centaur centrifuge, quenched in liquid N 2 slush using a Harland liquid nitrogen slusher and quickly transferred to a vessel containing pre-cooled diethyl ether ( -70 T) and silica gel. The specimens were maintained at -70 "C for 72 h, after which the temperature of the freezer (LEC) was increased to -40 "C for 48 h. Lowicryl HM (Calemalm et al., 1981) was then allowed to infiltrate the pellet at -40 "C for 18 h. Resin polymerization was done under UV light at -40 "C for 24 h and was followed by further hardening at room temperature for 48 h to improve the sectioning quality. Sections were cut and mounted as described above.
X-ray mapping was done using the EDAX system (described above) in conjunction with a scanning transmission electron microscope unit (STEM). Microanalyses were done using a 0.2 pm beam diam and 150 pm aperture. The field was scanned twice (scanning time about 5 min) and electron micrographs were recorded on Kodak Tri-X pan film. Microdot analyses were done by focusing on inclusions, using a spot size of 0.2 pm. Fig. 1 shows ultra-thin sections of a hydrogenosomal-enriched fraction prepared from T. vaginalis after staining with uranyl acetate and lead citrate. The organelles appeared as oblate spheroids, about 0.7 x 0.5 pm in size. The intrahydrogenosomal inclusions were evident as electron-dense bodies located at one end of the ellipsoidal organelle profiles just within the membrane limiting the organelle. In some cases, granules appeared to be separated from the main volume of the interior by an underlying membrane ( Fig. 1 b) . Although not observed in every organelle (perhaps as a consequence of the plane of sectioning), the granules (about 0.1 3 x 0.06 pm in size) appeared in the majority (about 58 %) of sectioned organelles. Occasionally more than one granule per organelle was observed (Fig. l a ) .
RESULTS A N D D I S C U S S I O N
Energy-dispersive microprobe analyses of unstained glutaraldehyde-fixed samples on areas of 0.1-0-2 pm diameter (Fig. 2a) indicated the presence of the following elements in the granules (K, lines; keV values in parentheses): Na (1.040), Mg (1-252), Si (1.739), S (2.307), C1(2-623), K (3.316), Ca (3.693), Fe (6-402) and Cu (8-044), Na and Mg peaks were not well defined; background subtraction revealed low levels of these elements. It is only in this part of the spectrum that the background interfered with the readings; therefore, it was not routinely used in value correction. The large peak of A1 (1.48 keV) arises from the A1 grid. Semi-quantitative data, obtained by the ratio method, on typical inclusions from whole cells and isolated hydrogenosomes, are presented in Table 1 . All the window widths from 0-10 keV were used. Control experiments were done to analyse the hydrogenosome membrane (Fig. 2b) , and the Epon resin of the thick section used (Fig. 2c) . Apart from Al, the only elements observed in the resin were Fe and Cu, which accounts for the signals in the spectrum of Fig. 2a .
X-ray mapping (Fig. 3) revealed that there was a high concentration of Ca and P (b and c) localized in the region of the five hydrogenosome inclusions marked in the field shown in Fig.   3 (a) . Similar dot mapping of Cl(d), Fe (e), Si (f) and Cu (g) did not reveal a discretely localized elemental concentration, suggesting these elements are dispersed throughout the field. Dot mapping of Mg (not shown) also showed random scattering throughout the field of view although the results presented in Table 1 show similar levels to Ca. Fig. 4 a shows microanalysis of the entire field shown in Fig. 3(a) , and Fig. 4(b) shows the microdot analysis of one of the inclusions (labelled X on Fig. 3a) . Comparison of these two analyses clearly indicates the specific preponderance of Ca and P within the inclusion. Microdot analysis of inclusions of hydrogenosomes prepared by the freeze substitution method revealed similar proportions of elements compared to material prepared for the direct emission spectra.
The elevated levels of Ca and P in these granules suggested that they may be analogous to the inclusions containing calcium hydroxyapatite, [ Ca3(PO,),I3 Ca(OH),, observed in some mitochondria (Greenawalt et al., 1964) , or possibly similar to the calcium magnesium pyrophosphate granules found in Tetrahymena pyrformis (Munk & Rosenberg, 1969) . Mitochondria play a key role in the regulation of cytosolic Ca2+ concentrations, and like the endoplasmic reticulum and plasma membrane, serve as special sites for the localization of Ca2+ pumping systems (Carafoli & Crompton, 1978) . Our observations support the suggestion of Benchimol et al. (1982) that calcium uptake may be as important a hydrogenosomal function in anaerobic protozoa as it is in the mitochondria of aerobes. Physiological and biochemical 
Hydrogenosome inclusions in Trichomonas 2935

Cu
Al Si P C1
Ca
Si Fig. 4 . X-ray microprobe analyses of (a) whole field of Fig. 3 (a) and microdot analysis (b) of inclusion X of Fig. 3(a) .
confirmation of this suggestion awaits measurement of in vivo Ca2+ accumulation and characterization of a putative Ca2+ transport protein in the membrane of hydrogenosomes. Where these techniques have been applied to other organelles (e.g., mitochondria; Appleton, 1978) high localized concentrations of Na, Mg, Si, C1 and K have been observed also.
Other metals expected to occur in hydrogenosomes include the Fe and S of iron-sulphur proteins (Ohnishi et al., 1980) , and an iron-containing superoxide dismutase (Lindmark & Muller, 1974; Kitchener et al., 1984) . Some of these are specifically located in membrane fractions obtained from isolated organelles (A. Chapman & R. Cammack, unpublished observations).
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